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Abstract 
 
The spherical inertial electrostatic confinement (IEC) concept where charged particles are 
confined electrostatically and accelerated with biased spherical concentric electrodes was 
previously used for fusion purposes only. It was developed into an attractive commercial neutron 
source. In this present work, however, a non-fusing gas is ionized and a glow discharge is 
initiated. Further, the inertia of the accelerated ions compresses the ions and builds up the space 
charge at the center of the cathode grid. The space charge of ions attracts the electrons which in 
turn accumulates a space charge. This creates a series of deep virtual electrostatic potential wells 
which confines and concentrates ions into a small volume. An asymmetry is induced in the 
cathode grid that makes way for a thin plasma jet to escape at appropriate pressures. This high 
intensity plasma jet is ejected out of the system producing thrust. This present work is focused on 
the development of an IEC thruster based on this jet mode of operation. However, the beam-
plasma interactions in the IEC are not clearly understood. In order to evaluate the IEC thruster 
concept, discharge characteristics of the jet mode are studied. Based on the results, a size scaling 
law for the thruster voltage, operating pressure and cathode grid diameter has been determined. 
The cathode grid design was studied and the optimum design was chosen for further 
experiments. To characterize the plasma jet, a Faraday cup with a temperature sensor was used, 
and current and thermal power measurements were obtained. Moreover, a force sensor was 
designed, calibrated and tested. Thrust measurements of the IEC system were obtained. As an 
addition, helicon plasma injection into the IEC was studied, and based on findings suitable 
recommendations for the development of the helicon-injected IEC thruster were proposed.   
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1. Introduction 
 
1.1 Objective 
 
The objective of this thesis is to provide proof-of-concept and characterize the key parameters of 
an Inertial Electrostatic Confinement (IEC) thruster. The present work involves the design and 
development of an IEC thruster, and the measurement of the characteristics of the plasma jet as 
well as system parameters that are necessary in the optimization of an electric propulsion (EP) 
system.  
An introduction and overview of electric propulsion systems is presented. Detailed explanation 
of the IEC concept and its evolution is discussed. The IEC concept has been used for fusion 
purposes previously; in this present effort its application for EP purposes is demonstrated. The 
potential profiles and discharge characteristics of the IEC thruster was determined and the 
spherical cathode grid for the thruster was designed. Furthermore, current and temperature 
measurements of the plasma jet, thermal jet power and minimum thermal jet efficiency were 
determined using a Faraday cup with a temperature sensor. A precision force sensor was 
designed, fabricated, calibrated and tested. Thrust measurements and thruster efficiency were 
determined using the force sensor. In order to achieve higher plasma density and to decouple 
plasma generation and acceleration stages, a helicon plasma source was coupled to the IEC. This 
setup was tested and based on the findings, solutions have been suggested to implement the 
Helicon-IEC thruster to its full capability and optimize the same.  
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1.2 Introduction to Electric Propulsion 
 
Electric thrusters propel the spacecraft by accelerating mass and ejecting it from the vehicle, 
which is the same principle used for chemical rockets. The ejected mass, in the case of electric 
thrusters, are energetic charged particles. Electric thrusters are used for in-space propulsion since 
they provide higher exhaust velocities and hence, higher specific impulse than chemical rockets. 
This leads to increased delta-v (available change in vehicle velocity) or increased payload mass 
for a given delta-v. The following sections outline the history of electric propulsion and also 
describe the conventional way of determining key parameters in an electric propulsion system. 
1.2.1 Historical Context 
 
The concept of electric propulsion for spacecrafts was conceived in 1906 by Robert H. Goddard 
[Stulinger, 1964]. Konstantin Tsiolkovsky published the idea in 1911 [Tikhonravov, 1965]. The 
first successful spaceflight of an electric propulsion system was demonstrated on-board the 
SERT-1 (Space Electric Rocket Test) spacecraft, launched in July, 1964 [Cybulski, 1965]. A 
gridded ion engine completed the pre-programmed thrust profile during a 25-minute sub-orbital 
flight. Further, in 1998, the Deep Space I was the first spacecraft that used an electric thruster for 
primary propulsion [Rayman, 2000].  Spacecrafts like the Deep Space I, Hayabusa [Kuninaka, 
2006], Smart I [Koppel, 2005], and Dawn [Brophy, 2003] have demonstrated the utility of 
electric thrusters for high-energy interplanetary missions that might not otherwise have been 
possible using more conventional chemical propulsion systems.  
While electric propulsion systems provide for high-energy, long-duration space missions, 
different categories of electric thrusters have their own advantages and disadvantages. A 
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discussion of the different types of electric thrusters, their merits, and drawbacks has been 
outlined in the sections to follow [Martinez-Sanchez, 1998]. 
1.2.2 Classification of Electric Propulsion Systems 
 
Electric propulsion systems can be broadly classified into three categories: electrothermal 
propulsion, electrostatic propulsion and electromagnetic propulsion [Jahn, 1968]. In 
electrothermal propulsion, the propellant is heated by some electrical process and then expanded 
through a nozzle. In the case of electrostatic propulsion, the ionized propellant particles are 
accelerated by the direct application of electrostatic forces. In electromagnetic propulsion, the 
propellant is accelerated by combined electric and magnetic fields. This subdivision has been 
useful and recognized, but in practical systems, two or more of these processes function to 
accelerate, channel and expand the propellant. The exhaust velocity achievable by the latter two 
processes is adequate for long-term interplanetary missions.  
Electrothermal Propulsion  
Electrothermal propulsion systems comprise of techniques wherein the propellant is electrically 
heated in a chamber and then expanded through a nozzle, thus converting thermal energy to 
reactive thrust power. Depending on the heat source, this can be further classified into: 
resistojets, arcjets, and inductively and radiatively heated devices.  
Resistojets 
The resistojets are the simplest form of electric propulsion. In resistojets, the heat is transferred 
to the propellant from a solid surface such as a heater coil or the chamber wall, and the 
propellant is then exhausted from a conventional rocket nozzle. The temperature of the heater 
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coils and/or the chamber wall is limited to 3000 K. The typical exhaust velocity of resistojets is 
about 3500 m/s. Although they offer lower performance compared to contemporary thrusters, 
their ability to employ readily space-storable propellants like hydrazine and ammonia make them 
advantageous. Resistojets are attractive because they can be integrated with previously 
developed propellant storage systems for hydrazine monopropellant thrusters. They do not 
require complex power processing. Hence, they have been used for orbit insertion, attitude 
control and de-orbiting of Low Earth Orbit (LEO) satellites.  
Arcjets 
In arcjets, the heat is transferred to the propellant using an electric arc driven through it. The 
exhaust velocity reached can be as high as 10,000 m/s and temperature of the propellant can be 
as high as 10,000 K. In most simple cases, a high-temperature electric arc is passed directly 
through the chamber in an appropriate geometry. Direct currents of tens or hundreds of amperes 
are passed through the propellant flow between the cathode and anode. A tightly constricted arc 
column is generated that is expanded through a nozzle to produce thrust. Arcjets have 
demonstrated the potential for more thrust-intensive missions such as orbit transfers and 
propulsion maneuvers. Disadvantages include lifetime limiting problems due to electrode 
erosion. Typical efficiencies are comparatively lower because of the uneven heating profile 
associated with arcjet thrusters. 
Inductively and Radiatively Heated Devices  
In efforts to alleviate the problem of electrode erosion in arcjets thrusters, a number of concepts 
have been implemented wherein the propellant is ionized and heated by means of electrode-less 
discharge or high-frequency radiation. Exhaust velocities range between 4000 m/s and 12,000 
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m/s. While most of the developments have been at the kilo-watt level, scaled-down versions 
operating at a few hundred watts and below have also been developed. 
Electrostatic Propulsion 
 The limitations on attainable exhaust velocities and lifetimes of electrothermal thrusters can be 
overcome by using an external body force to accelerate the ionized propellant. Electrostatic 
thrusters use this basic principle and accelerate the ionized propellant particles by the direct 
application of electrostatic forces. The simplest electrostatic thruster is an ion thruster where an 
ion beam is accelerated by an electric field and then, neutralized by a flux of free electrons. 
Other electrostatic propulsion concepts include field emission electric propulsion (FEEP) where 
direct ionization of the liquid phase of a metal is achieved by field emission and colloidal 
thrusters where non-metallic liquids are used to produce and accelerate sub-micron-sized 
charged particles (colloids). 
Ion Thrusters 
In ion thrusters, the propellant gas is ionized inside a chamber. A negatively biased grid extracts 
the ions and accelerates them through the grid potential. The ion beam is exhausted to produce 
thrust. The ion beam is subsequently neutralized by an external electron-emitter thus producing 
quasi-neutral plasma downstream. The tight dimensional tolerances of the grid arrays and limited 
lifetime of the electron-emitter cathode for beam neutralization could impact the reliability of the 
thruster. Exhaust velocities of 30,000 m/s and power levels between 200 W and 4000 W have 
been demonstrated with long lifetimes (> 20,000 hr). 
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Colloidal Thrusters 
Colloidal thrusters are a category of electrostatic thrusters where propellant droplets with very 
high mass-per-unit-charge are extracted electrostatically and accelerated through the extraction 
grid potential to produce thrust. These gases do not require the use of gas phase ionization, thus 
eliminating the associated electrical and thermal power losses. One of the major applications of 
colloidal thrusters is in precision maneuvering because they are capable of providing very small 
thrust levels. However, this could be a disadvantage for high-energy missions because very large 
arrays are required to achieve appreciable thrust levels.  
Electromagnetic Propulsion 
The third broad category of electric propulsion systems relies on the interaction of an electric 
field through a conducting propellant stream with magnetic field applied in the same region to 
provide accelerating body force. Electromagnetic thrusters produce exhaust velocities higher 
than electrothermal thrusters and thrust densities higher than electrostatic thrusters. Unlike the 
latter two categories of electric thrusters, there are a number of ways of implementing 
electromagnetic acceleration for electromagnetic thrusters. Applied fields and currents may be 
steady, pulsed or alternating over a range of frequencies; the magnetic fields may be externally 
applied or induced by current patterns; and a variety of propellants may be employed. There have 
been a number of configurations for injecting, ionizing, accelerating and ejecting propellants. 
The most advanced electromagnetic propulsion systems include Hall Effect thrusters, 
magnetoplasmadynamic (MPD) thrusters and pulsed plasma thrusters (PPT). 
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Hall Effect Thrusters 
Hall Effect thrusters use a radial magnetic field to confine electrons into a nearly collisionless 
cross-stream drift which leaves the positive ions free to accelerate downstream under a 
component of the applied electric field. The positive ions are neutralized when they leave the 
thruster by an external electron-emitter, yielding quasi-neutral plasma plume. Exhaust velocities 
of 16,000 m/s are achieved at an operating voltage of 200-300 V producing a thrust of 40-80 mN 
at about 50% efficiency. The temperature of the ions in Hall Effect thrusters is higher than ion 
thrusters, resulting in higher plume divergence and chamber erosion. The lifetime limitation 
caused by the external cathode is a major drawback.  
Magnetoplasmadynamic (MPD) Thrusters 
Magnetoplasmadynamic thrusters use Lorentz force to accelerate plasma and produce thrust. 
MPD thrusters are characterized by a coaxial geometry with an inner cathode and an annular 
anode. The conducting plasma on the channel between the anode and cathode establishes a radial 
current, which if large enough induces azimuthal magnetic field. These are called self-induced 
MPD thrusters. Exhaust velocities in the range of 15,000-80,000 m/s have been demonstrated. 
This is a high-power propulsion concept since higher efficiencies are reached at higher power 
levels. MPD thrusters do not require beam neutralization because of the presence of quasi-neutral 
plasma throughout the device. The lifetime of this thruster is limited by component erosion, 
mostly due to evaporation of the cathode material.  
Pulsed Plasma Thrusters and Inductive Thrusters 
The lifetime limitation of the MPD thrusters can be overcome by employing small power 
systems to drive them in short bursts (few μs) of high instantaneous power (few MWs). Pulsed 
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plasma thrusters use solid propellants like Teflon while inductive thrusters have no electrodes. 
They have advantages of compatibility with wide range of propellants, wider scalability of 
performance and cleaner exhaust. Since these thrusters operate at very high instantaneous power 
levels, they are prone to high dissipative losses. The inductive thrusters involve unsteady flows 
over a wide range of operating frequencies and most of these devices have poor coupling 
efficiency between the external circuitry and the propellant plasma that is accelerated.  
1.3 Requirements for New Electric Thrusters 
 
The existing electric propulsion concepts and experiments are aimed at meeting various design 
requirements typically high specific impulse, low thrust, long operating lifetime and low specific 
mass of the overall system. The electric propulsion systems are required to perform station-
keeping, attitude control, orbit transfers, precision maneuvers and drag compensation. Innovative 
concepts are being explored to improve the existing technology as well as to provide new 
thruster solutions. As seen in the preceding review, research efforts are being focused on 
designing advanced electric propulsion systems for long-term surveys and inter-planetary 
explorations. Commercial applications of electric propulsion systems include high power 
communication satellites, while military satellites use electric thrusters for station-keeping and 
orbit repositioning.  
The major limitations of the present electric propulsion systems as seen in the previous section 
include low percentage of propellant ionization, erosion losses of the cathode and chamber wall, 
high cost of ionization, and high specific mass of the system. The present work aims at 
establishing solutions to the aforesaid issues by demonstrating the Inertial Electrostatic 
Confinement (IEC) thruster as an alternative and innovative approach to achieve high specific 
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impulse and erosion-resistant electric propulsion systems. As an addition, to increase the 
percentage of ionization and plasma density, a helicon plasma source can be used for plasma 
production which decouples the plasma production and accelerations stages, thus providing a 
variable specific impulse device. Variable specific impulses are advantageous, in that, the 
thruster can switch between high-thrust-low-specific-impulse and low-thrust-high-specific-
impulse configurations instantaneously, thus achieving improved fuel economy, precision 
maneuvering, orbit transfers and orbit repositioning. 
1.4 Thruster Principles  
 
The Rocket Equation 
The rocket equation is based on the law of conservation of momentum and was derived by 
Konstantin Tsiolkovsky. The equation relates the maximum change in velocity of the spacecraft 
if no other external forces act (delta-v), with the initial mass, final mass and effective exhaust 
velocity of the spacecraft. The mass ejected by the system to produce thrust is provided by the 
propellant which is carried onboard and expended during thrusting. The thrust T is equal to mass 
of the spacecraft M times the change in velocity v. The thrust is also equal and opposite to the 
time rate of change of momentum of the propellant (effective exhaust velocity vex) times the 
change of propellant mass mp and is given by 
   
  
  
      
   
  
   
(1.1) 
The rate of change of mass of the spacecraft is equal to the rate of change of propellant mass. 
Hence, 
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(1.2) 
This equation can be solved by integrating from initial spacecraft mass mi, to final spacecraft 
mass mf, during which the spacecraft velocity changes from initial velocity vi to final velocity vf. 
This gives  
   
  
  
        
  
 
  
  
   
(1.3) 
The solution to this equation is the rocket equation or the Tsiolkovsky equation which is given 
by 
                 
  
  
    
(1.4) 
The mass of the spacecraft changes from its initial value md + mp, to its final delivered mass, md. 
This gives  
          
      
  
    
(1.5) 
High delta-v missions are enabled by electric propulsion systems because it offers much higher 
exhaust velocities than conventional chemical propulsion systems.  
The required propellant mass for a given mission can be derived from the above equation as  
        
 
  
   
 
      
(1.6) 
The relationship between the propellant exhaust velocity and the amount of propellant required 
to perform a given mission shows that the propellant mass increases exponentially with the delta-
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v required. The exhaust velocity of chemical rockets is limited by the energy contained in the 
chemical bonds of the propellant used. However, electric thrusters are not subject to such 
limitations because the propellant and energy source are separated; the energy source in this case 
is a power supply. Hall thrusters and modern ion thrusters operating on Xenon propellant are 
capable of exhaust velocities in the range of 10-20 km/s and 20-40 km/s, respectively.  
Specific Impulse 
Specific Impulse Is is the measure of the specific kinetic energy of the plasma jet and is 
expressed in seconds. It is the exit velocity of the propellant jet normalized to the gravitational 
acceleration at sea level [Sutton, 2001]. Specific impulse is given by  
   
   
  
 
 
     
   
(1.7) 
Jet-Power-To-Thrust Ratio  
For a fixed input power, the specific impulse and thrust are inversely proportional. Jet-power-to-
thrust ratio is given by  
 
 
 
 
       
 
      
 
 
 
       
(1.8) 
where P/T  is the jet power-to-thrust ratio. 
Efficiency 
The ratio of the thrust power to the total input power Pin to the thruster can be termed as the 
overall efficiency. There will be losses associated with several plasma mechanisms like 
ionization, radiation due to recombination and excitation. In the present context, the IEC system, 
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the helicon plasma source and the helicon-IEC coupling will have individual efficiencies and 
will dissipate some fraction of the input power. The overall efficiency can be expressed as the 
jet-power-to-input-power ratio and is given by 
  
 
       
 
    
 
  
    
    
   
(1.9) 
The power level required for the operation of electric propulsion systems scales with the square 
of the exhaust velocity. This relation is given by 
         
      
  
 
       
 
  
   
(1.10) 
where α is the specific mass of the power supply. For a given delta-v, there is an optimum 
exhaust velocity that minimizes the sum of the propellant mass and the required power supply 
since the required propellant mass scales inversely with the exhaust velocity. It can also be 
concluded that utilizing power systems of low specific mass and thrusters of high efficiency is 
important for the design of an optimum system that is reliable over long periods of unattended 
operation in the space environment. 
Many of these aforesaid parameters may be determined by measuring the plasma jet electron 
temperature, ion and electron velocities and densities for a given input power and propellant 
mass flow rate. The primary focus of this thesis will be to obtain the key parameters like thermal 
jet power, current and thrust which can be used in combination with these equations to produce 
efficiency, specific impulse and other values necessary to scale and design the system for 
specific missions.  
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In the IEC thruster, the plasma jet is inherently neutral because ions and electrons are accelerated 
by the IEC preventing space-charge buildup on the thruster, while most conventional Hall Effect 
thrusters accelerate ions only and require an external electron emitter for beam neutralization. 
These external emitters are susceptible to erosion and this is a huge limit on the lifetime of these 
engines. The plasma acceleration by the IEC results in minimized wall losses and surface 
erosions, hence higher efficiency and lifetime. 
Several engineering issues like the design of thermal systems, power electronics, radio frequency 
(RF) shielding, and magnets have to be addressed once the experimental configuration has been 
found to produce the required thrust at a level of efficiency acceptable for space propulsion 
applications.  
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2. IEC Theory and Modes of Operation  
 
2.1 History of IEC Devices 
 
The Inertial Electrostatic Confinement (IEC) concept was originally conceived by P. T. 
Farnsworth for thermonuclear fusion in 1953 [Farnsworth, 1966]. In 1959, Farnsworth built and 
demonstrated an IEC device, which he called the Fusor. The principle of operation was to 
establish electric potential fields so that ions and electrons are confined solely by the electrostatic 
fields and by their own inertia. Nuclear fusion could be achieved if the ions were maintained at a 
high temperature.  
In 1967, Robert Hirsch used ion guns to generate narrowly focused ions that converged at the 
center of his IEC device [Hirsch, 1967]. Most of the experiments in the 1960s and 1970s focused 
on measuring the electrostatic potential profile inside the IEC device. When ions converge at the 
center, a positive space charge is created at the center that repels the ions and attracts electrons 
toward the center. The electrons can also attract the ions toward the very center of the IEC. A 
multiple potential well is resulted from these moving charged particles. 
IEC research began at the University of Illinois Fusion Studies Laboratory under the directorship 
of Dr. George H. Miley in the early 1990s [Miley, 1993]. This research was focused on the 
development of IEC devices for fusion to eventually develop commercial neutron generator 
[Miley, 1997]. In this work, the unique Star mode was discovered [Miley, 1993], which was 
instrumental in commercializing the IEC technology as it enabled high rates of neutron 
production. 
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2.2 Spherical IEC Concept  
 
The IEC device is essentially a glow discharge that has a mostly transparent wire-cathode grid 
that is biased to a high negative voltage with respect to an outer anode wall at ground potential. 
A discharge is struck between the electrodes and ions are accelerated to high energies in the 
order of multi-keV. The gridded IEC employs a spherical geometry with a concentric central 
spherical grid placed in a spherical vacuum vessel. Low pressure gas fills up the chamber and the 
central grid is biased with a power supply to a large negative potential. The high electric field 
ionizes the gas and accelerated the ions towards the center of the device. As these ions converge 
to the center of the sphere, a dense core forms where high fusion rate occurs. Experimental and 
computational studies of this glow discharge IEC device began with the doctoral dissertation of 
Jonathan H. Nadler [Nadler, 1992] at the Fusion Studies Laboratory in the 1990s. Three modes 
of operation were discovered namely the central spot mode, jet (halo) mode and star mode. Most 
of the research was concentrated on star mode until recently due to its high neutron output for 
fusion related applications. The jet mode of operation will be the main focus in this thesis.  
The conditions in the IEC device are related closely to glow discharge physics which is well-
known and discussed quite thoroughly in the literature [Penning, 1957]. The electric field 
resulting from the voltage difference between the electrodes ionizes neutral gas atoms by 
stripping electrons. These electrons accelerate striking more atoms and thus causing further 
ionization. The ionized atoms are accelerated towards the center of the cathode. The background 
neutrals can be ionized by these ions as well. Secondary electrons are released when the ions 
strike the cathode. This is the mechanism responsible for the glow discharge in an IEC device. 
The secondary electrons are responsible for sustaining the discharge by further increasing the 
electron population. A cascade of ionizations occurs resulting in the conduction of electricity 
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across the electrodes. The operating voltage is slightly lower than the breakdown voltage at 
which the discharge is initiated. The breakdown voltage is a function of the product of the 
background pressure and the electrode spacing (distance between the electrodes). A plot of this 
function is referred to as the Paschen’s curve. Paschen’s curve for a typical hydrogen glow 
discharge is shown in Figure 2.1 [Nadler, 1992]. The IEC device operates on the left hand side of 
the Paschen’s curve due to its low operating pressure. 
 
Figure 2.1 Paschen curve showing the relationship between breakdown voltage and product of pressure and 
electrode spacing in a typical hydrogen glow discharge 
 
2.2.1 Analytical Model of the Spherical IEC System 
 
Numerical studies have been carried out to examine the stability of the IEC potential well 
[Ohnishi, 1997]. The solutions of the Vlasov equation for ions and electrons can be expressed by 
an arbitrary function with respect to constants of single particle motion. In spherical symmetry, 
two constants of motion are the total energy and the square of the particle’s angular momentum 
given respectively by  
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(2.1) 
                    
 
   (2.2) 
where mi,e, vi,e and qi,e are the mass, velocity and charge of the ions and electrons respectively, 
and  (r) is the electrostatic profile.  
The electrostatic potential profile for a spherical geometry is obtained by solving the Poisson’s 
equation which takes the form given by 
 
 
  
  
 
   
     
  
  
   
 
  
          
(2.3) 
where r is the radius, V is the voltage,    is the permittivity of free space, and ρe and ρi are the 
charge densities electrons and ions respectively. The boundary conditions are zero charge and 
potential at ground, and -2 kV to -10 kV bias at the central cathode grid.  
At a given radius r, all electrons have a velocity of ±ve and all ions have the velocity ±vi (one-
half moving inward and one-half moving outward). Assuming that all particles have radial 
motion, the electron current Ie and ion current Ii can be represented separately, by 
      
  
  
 
       
(2.4) 
      
  
  
 
       
(2.5) 
The continuity equations for either ions or electrons can be written as  
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(2.6) 
where ni,e is the density of the ions and electrons.  
2.2.2 Plasma Production Methods 
 
Ion injection into an IEC device can be achieved in four ways: glow discharge, electron emitter-
assisted discharge, ion gun injection and plasma injection. The same experimental setup 
discussed previously can be used for all four methods. 
Glow Discharge  
In this method, the vessel is pumped down and low pressure gas is injected through a precision 
leak valve with the pumps running. An electrostatic potential well is formed when the cathode 
grid is biased. Any impurities due to ion interaction with the cathode and electron interaction 
with the vessel, is eliminated immediately from the vessel and fresh gas flows in continuously. 
The glow discharge is initiated by the resulting electric field from the high negative bias on the 
cathode. This DC breakdown results in a self-sustaining discharge that is sustained by increasing 
ionizations with the background gas and secondary electron emission from the cathode grid. No 
other external mechanism is required for this method.  
Electron Emitter Assisted Discharge  
In this method, operation is achieved using electron emitters. Typically it is desirable to run IEC 
devices at pressures lower than is possible by glow discharge.  For this purpose, external ion 
production and injection into the device becomes necessary. In the electron-emitter assisted 
discharge, electrons are provided to the plasma by thermionic emission filaments or field 
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emission tips.  A second grid is held at a slightly positive potential with respect to the grounded 
chamber wall. The electrons circulate around this grid ionizing the background gas. The ions 
then travel toward the central cathode. This operates in a non-self sustaining discharge mode, 
since the plasma extinguishes if the emitters are turned off. By using this method of ion 
production, the cathode voltage can be independent of the chamber pressure to some extent. 
Ion Gun Injection 
Ion gun injection method is a non-self sustaining discharge that uses an external ion source to 
drive the plasma discharge. The ion beams perform the same role as that of the electrons in the 
electron-emitter discharge. No appreciable ionization of background gas occurs since the 
operating pressure for this method is well below 1 mTorr. Typically, the total power that can be 
supplied to the plasma is low because of the difficulties of building an ion gun that can supply 
high ion currents.  The cathode operating voltage is independent of the background pressure. 
Plasma Injection 
Plasma injection operates like the electron emitter discharge and ion gun injection and utilizes an 
external source for ion injection and does not rely on ionization of background gas inside the IEC 
device. Plasma is produced typically using an inductively-driven wave discharge. However, ions 
are not preferentially accelerated into the cathode grid. Instead, plasma is allowed to diffuse into 
the IEC chamber, which further gets accelerated by the high negative potential of the cathode 
grid. Typically an inductively–driven wave discharge is used.  One such method is the use of a 
helicon plasma source which is discussed in detail later in this chapter. Like electron-emitter 
assisted discharges and ion gun injection, plasma injection also decouples the chamber pressure 
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from the IEC cathode voltage. This is a salient feature for a space thruster since it allows 
decoupling of specific impulse from thrust and enables variable specific impulses. 
2.2.3 Modes of Operation 
 
The three characteristic modes of operation in an IEC device are the star mode, central spot 
mode and jet (halo) mode. Figure 2.2 shows the star mode and jet mode in operation. These 
modes have different potential structures, operating parameters and are stable as well as easily 
reproducible. Each of the modes is discussed individually below.  
 
 
Star Mode 
Star mode is produced using a complete grid in the vessel. The vessel is pumped down to at least 
two to three orders lower than the operating pressure. The gas is injected into the vessel through 
a leak valve with the pumps running until the pressure reaches mTorr range. A high negative bias 
is applied to the cathode grid. Discharge is initiated when the cathode voltage is increased to the 
operating voltage. The operating voltage is dependent on the background pressure. The intensity 
Figure 2.2 Modes of operation. (Left) Star mode and (Right) Jet mode 
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of the spokes of the star is proportional to the operating power level. The spoke are more intense 
at higher cathode currents. The spokes are primarily composed of ions. The star mode is 
characterized by the bright spokes or filaments of plasma visible through the holes in the cathode 
grid that look like rays of a star.  These so-called “microchannels” are formed by high density 
bunches of ions that make multiple passes through the grid.  The spokes are aligned so that they 
pass through the center of the grid openings. However, not all of the grid openings have these 
spokes. A bright spot is formed at the center of the grid where all the spokes meet. The star mode 
is generally used for neutron generation.  
Central Spot Mode 
The central spot mode is initiated in the same manner as the star mode, with the addition of a 
larger concentric grid that is biased slightly negative, approximately to one quarter of the cathode 
voltage. When the discharge was initiated, there were no spokes, but only the appearance of a 
bright spot of light emitted from the plasma at the central point of the spherical cathode grid.  
The neutron production is substantially lower by about two-thirds compared to the star mode. 
Jet (Halo) mode 
The jet (halo) mode is initiated in the same manner as star mode, but at higher pressures and 
resulting lower cathode voltages. It can also be excited by introducing an asymmetry into the 
grid, for example by cutting out some of the grid wires, in order to define the direction of jet 
propagation and also to use a lower background gas pressure.  When operating a symmetric grid, 
jet mode begins at a background pressure slightly higher than for star mode, typically around 15 
mTorr.  However when using an asymmetric grid, the star mode is never excited and jet mode 
begins to form at less than 1.0 mTorr.  At lower pressures, the intensity of the jet is very high due 
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to its compact nature which avoids spreading of the jet caused by collisions with background 
neutral gas. This is called tight jet mode. It has been proposed that the jet mode creates a virtual 
cathode resulting from the formation of a double potential well. At higher pressures, mean free 
path decreases, causing the jet to fan out like a spray formation. This is called spray jet mode. 
Figure 2.3 shows photographs of the tight jet mode and spray jet mode in operation. The tight jet 
mode, due to its high intensity and plasma density, is of particular interest in the design of an 
electric propulsion system. Hence, any reference to the IEC device hereafter in this thesis refers 
to the operation in the jet mode.  
 
 
 
2.2.4 Characteristics of Jet Mode Regime 
 
In an IEC glow discharge, the electric field imposed between the central cathode grid and the 
anode chamber wall breaks down the gas glow discharge in an IEC is similar to a Townsend 
discharge. The electric field causes ionization of the background gas, resulting in the generation 
of charge carriers, thus conducting current from one electrode to the other. The key 
Figure 2.3 Jet mode of operation. (Left) Tight jet mode and (Right) Spray jet mode 
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characteristics of the jet mode regime have several deviations from traditional DC glow 
discharges. The IEC jet mode regime is weakly collisional, non-Maxwellian, sheath-like, and has 
a hollow cathode configuration with a capability of producing double potential well.  
Since the traditional DC discharges operate at several Torr of pressure, the plasma discharge is 
collisional with smaller Debye lengths and collisional mean free paths. The IEC device operates 
in the mTorr range and larger Debye lengths and mean free paths, setting up a weakly collisional 
system. The IEC device operating voltage is hugely dependent on the background pressure due 
to the exponential nature of dependence on collisional ionization processes. The nature of the 
plasma production makes simulation of this device a challenge since it departs from traditional 
discharge characteristics. 
Due to the weakly collisional nature of the IEC device, particles do not lose sufficient energy 
during their translation across the system, resulting in non-equilibrium thermal plasma with ions 
and electrons at different temperatures. Thus, the particle distributions depend on the particle’s 
initial birth region in the system and also on the current particle location. Standard collisional 
fluid approximations and diffusion models do not hold for this type of particle transport due to 
the unpredictable nature of the system. Hence, deviating from the traditional DC discharge, the 
IEC discharge is characterized as Non-Maxwellian. 
 The unique electrode geometry and sheath reflection characteristics of hollow cathode plasma 
make it suitable for lower pressure operation. The hollow cathode configuration traps electrons 
in the intra-grid region and these electrons ionize the background gas to sustain the discharge. 
With reduced collisions, the thermalized electrons in the bulk plasma and negative glow region 
will be constricted from escaping the intra-grid region. This effect is also seen when the electron 
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beam exits the core region. The beam is constricted such that the charge density of the beam 
meets the Child-Langmuir space charge limit [Langmuir, 1924]. At high voltages the available 
beam area will be further constricted increasing the current density within the beams. The IEC 
device also has the capability of producing virtual cathode and virtual anode at the center when 
ion and electron distributions concentrate to form multiple potential well structures in the center 
of the cathode core region.  
The ions in the vessel are born from ion and electron-impact ionization. All the ions are attracted 
to the cathode grid. Since the cathode grid is transparent, the fast ions travel through the grid 
openings, this increasing the ion path length. The larger the diameter of the vessel, the larger is 
the ion path length. The angular momentum that is imparted to these ions when they pass 
through the cathode grid wires is a function of where in the grid opening the ions pass. The 
closer they are to the grid wire, higher is the angular momentum is imparted to the ions. The ions 
passing through the center of the grid opening accelerate to a lesser extent. With each successive 
pass, the ions begin to receive more angular momentum. The ions can only make these passes 
until they either intercept the cathode grid or get ejected out in the microchannel. Some of the 
ions in the microchannel undergo charge exchange and scattering effects. More ions are formed 
along the microchannel as the electrons in the microchannel ionize the background gas to sustain 
the discharge.  
Plasma Jet Production 
The mechanism of the production of the plasma jet is a fundamental feature of an IEC thruster.  
The high intensity and compactness of the jet of about 1-cm diameter is ejected out of the system 
producing thrust. The discharge characteristics, design of an optimum cathode grid, and thrust, 
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current and power measurements are key goals of this thesis. While the IEC jet mode can be run 
as a self-sustaining discharge, a plasma injection system would only increase the ion and electron 
densities, thus the efficiency of the system. Use of an external source for plasma production also 
decouples the thrust and specific impulse, making way for a variable specific impulse system 
which could be extremely beneficial in optimizing fuel consumption depending on the demands 
of the mission. Both the self-sustaining mode and plasma injection mode using a helicon plasma 
source have been tested as part of this present work. This will help characterize the IEC 
propulsion system and establish the conditions required for the helicon-IEC coupling. 
The IEC thruster design relies on the ability to keep the plasma jet neutral until it can be expelled 
as thrust. One mechanism to do this involves an electrostatic guide channel. This channel would 
likely take the form of a set of cylindrical electrodes in the path of the jet which would be biased 
negatively. The design would be such that at nozzle end of the device, the ions would be focused 
to some point far from the engine to limit the radial component of their momentum while the 
electrons would be deflected away and have a large radial component. 
2.3 Helicon Plasma Injection 
 
Helicon plasma sources are capable of efficient full ionization of the propellant gas and energy 
deposition occurs in the form of wave heating [Chen, 1991]. The use of a helicon plasma source 
for plasma production is desirable because their ability to produce high density (> 10
-18
 m
-3
) 
uniform plasma at relatively low input powers (a few hundred watts) has been demonstrated. 
Helicon sources are radiofrequency (RF) plasma sources that use helicon waves, which are low 
frequency whistler waves. They are confined to a cylinder and exist in a dc magnetic field. They 
produce plasma of higher density in comparison to the other field-free ICPs. In 2003, Charles 
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and Boswell discovered that a current-free double layer (DL) occurs downstream of a helicon 
source expanding in a divergent magnetic field [Charles, 2003] and the supersonic beam 
measured downstream of the DL could be used as a source of thrust. This concept was named the 
Helicon Double Layer Thruster (HDLT) [Charles, 2004]. However, the specific impulse and 
thrust of the HDLT are estimated to be low compared to the conventional thrusters. Hence, 
coupling the plasma production advantages of the helicon plasma source with the erosion 
resistant IEC device for plasma acceleration is highly beneficial.  
Another concept that incorporates helicon waves for plasma generation is the Variable Specific 
Impulse Magnetohydrodynamic Rocket (VASIMR) [Chang-Diaz, 1999]. This concept uses a 
helicon source to produce hydrogen ions that are injected through a small aperture and heated 
using the ion cyclotron-resonance heating (ICRH). The emerging beam is shaped for maximum 
thrust using a magnetic nozzle [Winglee, 2007]. In this case, the use of solenoids is not feasible 
because the field lines curve back, preventing the plasma from propagating downstream unless it 
has a very large beta that is enough to break through the field lines. 
2.3.1 Helicon Wave Physics 
 
Helicon plasma is generated by driving an antenna at a frequency between the ion and electron 
cyclotron frequencies. Helicon waves are cylindrically bounded low-frequency whistler waves 
and propagate between the ion and electron cyclotron frequencies. The antenna is generally 
wrapped around an insulating cylindrical tube. The antenna current induces a magnetic field as 
power is increased. This drives an electric field within the tube. The power input to the antenna 
is increased until breakdown of the neutral gas occurs. Hence, helicon plasma is classified as 
inductively coupled plasma. A DC magnetic field surrounding the cylindrical tube drives the 
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helicon waves. Typical laboratory parameters for the operation of helicon plasma source for 
injection into the IEC device are: pressure in the mTorr range, driving frequency of the order of 
MHz, input power of hundreds of watts, DC magnetic field of several hundred Gauss, a 
cylindrical tube with a length of tens of centimeters and diameter of a few centimeters. 
Taking into account the physical configuration of the helicon plasma: bound, cylindrical, 
collisionless and uniform density, the dispersion relationship for this system can be derived 
[Chen, 1997]. Consider cylindrical plasma subject to an externally applied axial magnetic field 
B  in the z+ direction. The helicon wave with propagation frequency ωH propagates deep into the 
plasma column. In a cylindrical geometry, wave perturbed quantities vary as exp[i(mθ + kz - 
ωt)]. In an equilibrium magnetic field, Maxwell’s equations are given by 
        (2.7) 
       
  
  
       
(2.8) 
              
  
  
              
(2.9) 
Assuming quasineutral plasma, with ni = ne = no, and ni and ne denoting ion and electron 
densities, the plasma current is derived from 
           (2.10) 
where ve can be derived using the electron fluid equation 
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     (2.11) 
Applying the wave perturbations, the z component of the magnetic field is given by  
    
   
 
 
 
   
  
     
  
  
      
(2.12) 
The equation (2.12) along with the Maxwell’s equations can be used to derive the dispersion 
relation which is very well discussed in the literature [Light, 1995]. Depending on the strength of 
the magnetic field and the frequency of the helicon waves, the linear variation of plasma density 
as a function of applied magnetic field can be obtained from this relation. These relations have 
been extensively studied and experimentally demonstrated [Reilly, 2009]. 
The antenna used for wave excitation can be left or right hand which presents options in terms of 
wave excitation and antenna design. There are other sophisticated geometries as well like the 
Nagoya III antenna [Light, 1995] which is a simple multi-loop antenna. The right hand polarized 
half-helical antenna is used to excite predominantly the m = +1 mode, which is known to achieve 
higher peak density than its counterpart m = -1 mode [Sakawa, 1996]. The right hand half-helical 
antenna is designed to launch right hand circularly polarized m = +1 waves parallel to B. In this 
work, the right hand half turn helical antenna is used. It is basically a copper strap wrapped 
around the outside diameter of the quartz tube. While the antenna current loop was in the 
atmosphere, the induced currents from the antenna were within the cylindrical quartz tube in 
vacuum.  
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3. Design of an IEC thruster with an Option of Helicon 
Injection  
 
The design of an IEC thruster with an option of helicon plasma injection is outlined in the 
following sections. The general anatomy of the thruster is presented with a brief description of 
important components. Finally, the design of a prototype thruster for laboratory testing purposes 
is presented.  
3.1 Overview  
 
The IEC thruster under consideration has a 61-cm diameter outer chamber with a maximum 
operating power of 1 kW with input currents up to 50 mA. Neutral propellant (argon gas) flows 
through the quartz tube into the spherical IEC chamber. The IEC chamber has an asymmetric 
central cathode grid which is highly negatively biased. Plasma breakdown occurs as the input 
voltage is increased. The operating voltage of the IEC thruster is around 4 kV – 8 kV. A high-
energy plasma jet escapes through the larger of the grid openings which is the asymmetric part of 
the grid structure.  
The outer wall of the quartz tube has a helical antenna with magnetic coils around it. As an 
alternative option, an RF power supply is used to generate plasma using this helicon source 
[Krishnamurthy, 2012]. The plasma generated flows into the IEC by way of ambipolar diffusion 
and the IEC grid, when negatively biased, accelerates the plasma into the spherical potential well 
and produces the plasma jet. The schematic of the helicon-injected IEC thruster is shown in 
Figure 3.1. 
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Figure 3.1 Schematic of the helicon-injected IEC thruster 
 
The inner spherical grid is biased with a high negative DC voltage of the order of -2000 V to -
8000 V with respect to the vacuum chamber. Upon initiation of the discharge, argon ions are 
attracted to the negatively biased inner grid.  Because the grid is mostly transparent to the ions, 
the ions pass through the grid, cross the center and travel out of the other side of the grid where 
they are once again attracted to the negatively biased inner grid and eventually fall back to the 
inner grid and so forth. This constant back and forth motion of the ions essentially confines the 
ions in the spherical potential well. The asymmetric inner IEC grid (shown in Figure 3.2) used in 
this experiment shows minimal confinement of ions in the direction of the asymmetry, so that a 
plasma jet is ejected from the grid opening. 
The plasma generation and plasma acceleration stages can be decoupled by using a helicon 
plasma source to inject high density plasma into the IEC system. The IEC operates as a DC glow 
discharge with the breakdown occurring between a high voltage central grid cathode and the 
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grounded vacuum chamber wall anode. The ions are confined and circulate in the grid due to the 
potential well created by this spherical plasma diode configuration. 
 
Figure 3.2 Spherical IEC grid installed with the high-voltage insulator 
 
Typically, a symmetric grid is used to produce star mode in which bright rays of plasma that 
emanate from the central grid that are reminiscent of the rays of a star. These rays, defined as 
microchannels of densely packed ions are produced at chamber pressures of 12.0 mTorr. At 
slightly higher chamber pressures of about 15.0 mTorr, the jet mode is excited, in which there is 
a single beam of plasma exhaust that is ejected from the grid. The symmetric grid can produce 
star and jet modes, but the direction in which the jet is ejected in the jet mode is not controllable 
and may change several times per second. To allow for greater directionality control of the jet, an 
asymmetric grid is used in this experiment. It can produce a plasma jet at pressures as low as 1.0 
mTorr. The asymmetry is introduced into the grid by snipping a grid wire which changes the 
shape of the potential, as explained later in this chapter. A tight plasma jet can be obtained by 
avoiding collisions with background gas and scattering of the plasma. For this purpose, lower 
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chamber pressures are desirable. To operate at lower chamber pressures, the plasma should be 
externally produced and then injected into the IEC, thereby decoupling the cathode grid voltage 
and chamber pressure. From the point of view of space propulsion systems, another advantage of 
decoupling the plasma production and acceleration is that this leads to decoupling of thrust and 
specific impulse, thereby providing variable specific impulse that has a wide range of 
applications and numerous advantages over conventional electric thrusters.  
3.2 Electrostatic Potential Profile of the IEC  
 
Figures 3.3 and 3.4 show the potential well created by the symmetric and asymmetric grids 
respectively. The simulations were performed using COMSOL Multiphysics 4.3. The simulation 
geometry consists of a spherical chamber of 61-cm diameter and an IEC grid of 12.6-cm 
diameter. The outer anode chamber is grounded, while the central grid is negatively biased at -
1000 V. The symmetric grid creates a symmetric potential profile facilitating the star mode at 
appropriate operating pressure while the asymmetric grid introduces a slightly higher potential at 
one of the grid openings causing the plasma to escape as a thin plasma jet in that direction.   
The line graphs of the potential profile along the radial direction are also shown in Figures 3.3 
and 3.4. The symmetric potential profile shows two dips in the potential representing the position 
of the grid wires. However, in the asymmetric profile, since one of the grid wires is missing, the 
potential never decreases to -1000V. This creates an area of slightly higher potential for plasma 
to escape from the grid. In a purely electrostatic case, any ions born within this potential would 
still fall back into the grid, however we hypothesize that the space charge effect due to the 
plasma jet acts to screen the potential and allows the plasma to escape.  The plasma that is 
ejected from the asymmetric portion of the grid forms a pencil-thin plasma jet that is generally 
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noticeable at pressures lower than 2.0 mTorr. Higher intensity and compactness of the jet can be 
achieved at lower pressures. At lower pressures, a high intensity tight jet mode in the order of 1-
cm diameter is obtained. Obtaining the tight jet mode is necessary for producing thrust.  
 
 
 
Figure 3.4 (Left) Electrostatic potential profile obtained from an asymmetric IEC grid (Right) Line graph of 
the potential profile in the radial direction (along the white-dotted line). 
 
Figure 3.3 (Left) Electrostatic potential profile obtained from a symmetric IEC grid (Right) Line 
graph of the potential profile in the radial direction (along the white-dotted line). 
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3.3 Experimental Setup 
 
 
Figure 3.5 Experimental Set-up of the Helicon-Injected IEC Thruster 
 
The laboratory experimental set-up of the helicon-injected IEC thruster is as shown in Figure 3.5. 
The helicon plasma source which is responsible for the primary ionization consists of a quartz 
tube with a helical m= +1 copper strap antenna surrounded by water-cooled magnetic field coils 
that are capable of fields exceeding 1200 Gauss. The 13.56 MHz RF power supply that powers 
the helicon source has a maximum power rating of 1.2 kW with an auto-matching network.  
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Figure 3.6 IEC chamber and diagnostic sub-chamber showing view ports and high-voltage feed-through 
 
The IEC is a 61-cm diameter stainless steel vacuum vessel mounted on a laboratory table. A 
chamber base pressure of ~10
-7
 Torr is achieved using differential pumping with two high-
volume turbomolecular pumps. The vessel wall serves as the system anode and is grounded 
through a common grounding block. There are a series of access ports around the chamber that 
range from 2.75-inch to 8-inch in diameter which serve for diagnostics, vacuum hardware and 
gas regulation attachment. The view ports shown in Figure 3.6 are used to distinguish tight jet 
mode from spray jet mode, and also to adjust the alignment of the grid and the diagnostics. The 
main cathode grid is supplied by a Hipotronics 50-kV 100-mA power supply. The IEC cathode 
grid (shown in Figure 3.1) was constructed using stainless steel wire of 0.7-1 mm in diameter. 
The spherical ring configuration was developed by spot welding 7-wires in the required 
configuration. The grid openings are triangular in shape except one larger square-shaped grid 
opening that is created by snipping a few grid wires. This is done to induce asymmetry into the 
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grid. High voltage insulation is provided using alumina feedthrough system (shown in figure 3.5) 
that is extended into the center of the chamber and attached to the cathode grid. The shape of the 
feedthrough is such as to provide high-voltage standoff between the high-voltage feed inserted to 
the cathode grid and the grounded chamber wall. The alumina insulator also insulates 
background gas and plasma from contacting the high-voltage line except at the cathode wire 
grid.  
Argon gas (typically stored at 2000 psi) is injected into the quartz tube through the Alicat 
Scientific mass flow controller that regulates the mass flow rate of the propellant gas. The typical 
operating pressure is 1.5 mTorr for argon gas. An MKS Baratron capacitance manometer with a 
head rating of 50 mTorr is mounted on an insulated extender from the main chamber. An 
ionization gauge handles high-pressure measurements.  
Plasma diagnostics that include the force sensor and Faraday cup, have been constructed and 
mounted in the sub-chamber in the position shown, in order to characterize the plasma jet profile. 
The diagnostics are installed one after the other and measurements are recorded separately due to 
space constraints in the sub-chamber. 
3.4 Operation Procedure 
 
Gas is bled into the vacuum chamber through the mass flow controller and constantly pumped 
out of the gate valves through the pumping system. Once a desirable pressure for jet mode of 
1.3-1.7 mTorr is reached, a glow discharge is initiated by striking a high voltage across the 
electrodes. The input voltage and hence, the current are controlled through the Hipotronics 
power supply. The system operating voltage is hugely dependent on the gas pressure that alters 
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plasma resistance. Hence, maintaining the required pressure is necessary to sustain the jet mode. 
If the vacuum vessel has been opened recently, there are surface contaminants, water vapor, 
grease and other impurities inside the vessel. It takes about 10-20 minutes after the initiation of 
the discharge during which chamber conditioning and surface cleaning takes place, and the 
impurities are pumped out of the system. 
3.5 Power Balance 
 
 
 
Figure 3.7 Power Balance of the Helicon-Injected IEC Thruster 
 
The power balance of the helicon-injected IEC thrusters is shown in Figure 3.7. The power input 
to the helicon and the IEC are balanced by the output power in the jet and the losses incurred in 
the helicon-IEC coupling, helicon plasma production, IEC plasma acceleration and plasma jet 
propagation. The helicon and IEC are highly efficient and the low pressure regime minimizes jet 
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propagation losses due to collisions. The losses incurred by the helicon-IEC coupling during the 
injection of the helicon plasma into the IEC will be minimized through the optimization of this 
coupling.  
The IEC losses are caused due to various mechanisms. A fraction of the energy is lost through 
excitation and production of light. As the IEC input voltage and power level increases, the 
intensity of the plasma jet increases, and hence the excitation and associated losses also 
marginally increase. A fraction of the energy is lost through charge exchange and scattering 
caused by collisions with the background gas. At higher pressures, due to decrease in mean free 
path, collisions increase and hence, the associated loss. Additionally, energy is lost due to 
sputtering of the grid caused by the accelerating ions impinging on the grid wires. Higher 
geometric transparency of the grid would prevent losses due to sputtering.  
The jet propagation losses mainly include losses due to charge exchange and scattering caused 
by collisions of the ions and electrons in the plasma jet with the background gas. At lower 
pressures, due to lesser collisions, a tight jet with higher intensity is obtained. Conversely, at 
higher pressures, due to increased collisions with the background gas, a spray jet mode is 
obtained.  
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4. Discharge Characteristics  
 
4.1 Paschen’s Curve Experiments 
 
In order to determine how the applied voltage depends on the pressure, p and distance between 
the anode (grounded vacuum chamber) and the cathode (asymmetric central IEC grid), d, 
Paschen’s curve experiments were conducted using grids of different sizes and at different 
pressures.  
Table 4.1. Cathode grids of different sizes and geometric transparencies used 
 Radius of the 
cathode grid 
Geometric 
transparency 
Number of 
grid wires 
1. 110 mm 97.45 % 7 
2. 125 mm 98.32 % 7 
3. 140 mm 98.0% 7 
4. 165 mm 95.75 % 14 
 
The system is maintained at a constant pressure in the range of 1.0 mTorr to 45.0 mTorr for this 
experiment by injecting gas into the chamber through the inlet quartz tube, with the vacuum 
pumps running. The plasma discharge is initiated by increasing the cathode voltage until 
breakdown occurs. The current essentially remains zero as the applied voltage is increased until 
the discharge is initiated at Vb, the breakdown voltage. The striking voltage is generally much 
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higher compared to the operating voltage. The maximum breakdown voltage in this experiment 
was limited to 20 kV due to voltage limitations on the cathode feedthrough. Asymmetric cathode 
grids of different sizes and geometric transparencies were used and have been tabulated in Table 
4.1.  
 
Figure 4.1 Paschen’s curve for IEC grids of different sizes and transparencies 
Breakdown voltage, Vb versus pd (pressure times the radial distance between the cathode grid 
and the vacuum chamber wall) measurements that correspond to the traditional Paschen’s Curve 
plot were taken. Although a transparent grid was used, since the breakdown takes place between 
the cathode grid and the anode chamber wall, d is the distance between the cathode grid and the 
chamber wall, and not the diameter of the vacuum chamber itself. Additionally, since the present 
experiment is operated at low pressures, only the left side of the Paschen curve is obtained.  The 
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plot of Vb versus pd is shown in Figure 4.1 for argon gas discharge with various grids. For a 
fixed value of pd, the breakdown voltage is seen to be the same for all the grids irrespective of 
their radius and geometric transparencies. The geometric transparencies seem to be of less 
relevance in the Paschen’s curve plot, but require further studies to confirm their effect on the 
discharge characteristics. As pressure decreases (or diameter of the IEC grid increases), the 
breakdown voltage increases. Conversely, as pressure increases (or the diameter of the IEC grid 
decreases), the breakdown voltage decreases. Depending on the capacity and size of the power 
supply required for the mission, the respective operating pressure regime and IEC grid can be 
designed. The Paschen’s curve gives valuable information required in scaling the IEC device in 
that the scaling of the pressure and diameter of the grid with the breakdown voltage can be 
obtained. 
 
 
 
The photographs in Figure 4.2 show a single current-carrying microchannel emanating from the 
larger of the openings of the asymmetric grids. Figure 4.2a shows the tight jet mode in which the 
plasma jet is of 1-cm diameter and occurs below a pd value of about 0.05 torr-cm. As the pd 
b 
 
c 
 
a 
 
Figure 4.2 Photographs of (a) tight jet mode, (b) spray jet mode and (c) glow 
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value increases above 0.05 torr-cm, the jet turns into a spray as shown in Figure 4.2b. Above the 
pd value of about 0.1 torr-cm, it reduces to just the central dense core (Figure 4.2c) with no 
microchannel emanating from the larger grid opening. 
The microchannel is created through a geometric “self-selection” process [Nadler, 1992]. Ions 
born with trajectories hitting the grids during the first few passes are quickly eliminated, while 
those passing repeatedly through the grid holes survive. The ions that make it though the larger 
grid opening cause increased ionization along the trajectory forming a bright microchannel or 
plasma jet. The spray jet and tight jet modes are highly pressure dependent. At higher pressures, 
due to increased collisions with background gas, a fan-shaped spray jet of lesser intensity is 
obtained.  
4.2 Size Scaling for IEC Jet Mode 
 
The jet mode of the IEC is of utmost relevance for application as a thruster due to its high 
intensity and energy. While designing an electric thruster, it is important to know how the size of 
the anode and cathode scale with the input voltage. When a specific mission and the 
corresponding specific impulse (hence, input voltage) is chosen, the size of the cathode and 
anode are derived using the scaling law. An empirical scaling law has been derived [Hochberg, 
1992] by noting the linear variation of the breakdown voltage with the parameter A/(pd)
2
, as 
shown in Figure 4.3. A is the atomic mass of the gas species and accounts for the use of different 
gases. A/(pd)
2 
values used in this figure correspond to the jet mode, i.e. pd values ranging up to 
0.1 torr-cm. The discharge characteristics of an IEC system are hugely dependent on the 
operating pressure and the distance between the anode wall and cathode grid. 
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Figure 4.3 Size scaling for IEC jet mode 
From the linear approximation shown in Figure 4.3, a simple size scaling law for IEC jet mode 
can be obtained and is given by,  
   
         
     
        
          
   
               
(4.1) 
Equation (4.1) represents the behavior of the discharge reasonably well and the discharge 
characteristics are at most a weak function of the radius of the cathode grid. The grid with the 
least geometric transparency seems to deviate slightly from this scaling law.  
Depending on the specific impulse required, the range of the input voltage of the IEC power 
supply is chosen. The breakdown voltage is slightly higher than the operating voltage. Once the 
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breakdown voltage required for the mission is chosen, an appropriate jet mode pressure regime 
and size of the grid can be subsequently determined.   
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5. Current and Thermal Power Measurements 
 
5.1 Faraday Cup Design 
 
 
 
 
The Faraday cup [Drawin, 1968]
 
measures the net charge flow of the jet and the platinum 
Resistance Temperature Detector (RTD) mounted on it gives an estimate of the total energy flow 
in the helicon-injected IEC system. A salient feature is that the faraday cup is connected to a 
linear motion feedthrough (Figure 5.1a) that allows it to translate axially about 6 cm along the 
plasma jet in the diagnostic sub-chamber. To capture the entire jet and to suit high current (up to 
a 
b 
c d 
Figure 5.1 Photographs of the Faraday cup (a) Faraday cup connected to a linear motion feedthrough (b) 
Faraday cup as seen from the vacuum chamber (c) Robust design of the faraday cup with high electric 
isolation (d) Outer grounded sleeve, and inner cup with conical bottom 
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tens of mA) and voltage (several thousand volts) conditions, the cup is made large and robust. 
The design incorporates a conical bottom stainless steel inner cylinder of 0.875-inch diameter 
(shown in Figure 5.1d) that provides maximum surface area for quick heat dissipation thus 
avoiding damage to the structure. The design also implements an outer grounded sleeve made of 
stainless steel that minimizes plasma interaction with the outer sidewalls of the cup that may 
distort the measurement of the plasma jet current. The Platinum RTD is attached on the square 
shaped aluminum base that holds the inner cup and is used to measure the temperature increase 
on the faraday cup. Alumina ceramic spacers are used to provide electrical isolation between the 
collection cup and the outer sleeve as shown in Figure 5.1c.  
5.2 Thermal Power Calibration 
 
For conductive heat transfer at a point, total heat flux q is given by 
       
  
  
   
(5.1) 
where q is the total heat flux (W), m is the mass of the material and Cp is the heat capacity at 
constant pressure. 
To determine the correlation between input heat flux q and rate of temperature rise dT/dt, 
temperature variation with respect to time at different values of input heat flux is calculated 
using COMSOL Multiphysics. Then, the slope dT/dt is calculated for each input heat flux. 
Subsequently a plot of input heat flux and corresponding dT/dt values are plotted to get a linear 
correlation that would serve as a calibration curve to calculate the heat flux for a given value of 
dT/dt. 
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Figure 5.2 (Left) COMSOL Multiphysics model of the Faraday cup and (Right) position of the RTD. 
The Faraday cup model with the position of the RTD is shown in Figure 5.2. COMSOL 
Multiphysics 4.3a was used to model and simulate the conductive heat transfer in the cup. A 
simple model of the inner stainless steel cup with the conical bottom and the aluminum base 
plate was made. All temperature measurements were made at the position of the RTD. The 
convective and radiative heat transfers are assumed to be negligible. The cooling caused by 
secondary electron emission at the Faraday cup is also neglected in this simulation. For an input 
heat flux of 10 W and duration of 300 s, the surface plot showing the temperature distribution in 
the cup is presented in Figure 5.3. It can be observed that the walls of the cup are at a relatively 
higher temperature compared to the conical bottom and the aluminum base plate. The higher 
surface area of this design promotes dissipation of heat quickly. A graph of the increase of 
temperature at the RTD is obtained and the rate of temperature rise, dT/dt was calculated from 
this data.  
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Similar simulations were carried out for input heat fluxes up to 50 W. The surface plots of 
temperature distribution and line graphs of temperature rise versus time have been recorded in 
Appendix A. The slope dT/dt was calculated for each of these simulations. Since the rate of 
temperature change dT/dt varies linearly with total heat flux q (from Equation 5.1), a plot of rate 
of temperature rise against input heat flux (as shown in Figure 5.4) is obtained. This plot can be 
used as a calibration curve to obtain the input thermal power into the Faraday cup for a given 
value of dT/dt, which is the rate of increase of temperature. The input heat flux to rate of 
temperature rise relation obtained was 0.026 (K/s)/W or 38.314 W/(K/s). In the next section, the 
experimental calculation of dT/dt is elucidated.  
Figure 5.3 (Left) Surface temperature of the temperature profile at input heat flux of 10 W after duration of 
300 s and (Right) line graph of the rate of temperature rise  
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Figure 5.4 Rate of temperature rise vs. input heat flux (Calibration curve derived from COMSOL simulation. 
5.3 Results 
 
The Faraday cup is connected to a 1-Ω resistor and voltage measurements with respect to ground 
are recorded using the Keithley multimeter. Current measurements were calculated from these 
and plotted against time. Temperature rise with respect to time was recorded from the Platinum 
RTD and the slope dT/dt was used to find the thermal jet power and thermal jet efficiency. The 
calibration curve of input heat flux versus rate of temperature rise was used for this purpose.  
5.3.1 Position of the Faraday cup 
 
The Faraday cup was positioned at the vacuum chamber exit leading to the sub-chamber (as 
shown in Figure 5.5) which is referred to as ‘0 cm from the chamber’ in the plots. Measurements 
were also taken 6 cm away from the exit opening using the linear motion feedthrough, which is 
y = 0.026x 
R² = 1 
0 
0.2 
0.4 
0.6 
0.8 
1 
1.2 
1.4 
0 20 40 60 
Thermal Power Calibration Curve 
Input heat flux, q (W) R
at
e 
o
f 
te
m
p
er
at
u
re
 r
is
e,
 d
T/
d
t 
(K
el
vi
n
/s
) 
50 
 
referred to as ‘6 cm away from the chamber’ in the following plots. This experiment gave an 
estimate of energy loss across the jet with increasing distance from the place of origin of the jet.  
 
Figure 5.5 Position of the Faraday cup in the sub-chamber 
 
The measurements were made at about 1.5-mTorr Argon gas pressure and the diameter of the 
cathode grid used for this experiment was 125 mm. The Faraday cup was positioned at 
approximately 6 cm away from the exit opening of the outer reference chamber. The linear 
motion feedthrough is used to move the Faraday cup axially with respect to the jet. 
Measurements at different positions were carried out to further understand the variation of the jet 
intensity and energy with distance. Figure 5.6 shows the variation of rate of temperature rise with 
increasing power levels of the IEC. Using the calibration curve obtained earlier to correlate input 
and output power levels gives an estimate of the total energy flow in the system.  
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Figures 5.6 and 5.7 show current and temperature measurements from the Faraday cup at the two 
positions with varying power levels and time. Figure 5.6 shows that currents of about 0.1 mA, 
0.18 mA, 0.25 mA and 0.32 mA were recorded at increasing power levels of about 50 W, 100 W, 
150 W and 200 W respectively. Likewise, the temperature measurements were continuously 
recorded from the RTD as the power was varied from 0 W to 200 W. The rate of temperature rise 
for each power level has been determined using this plot and is illustrated later in this section.  
 
Figure 5.6 Faraday cup Current and  RTD Temperature versus Time at 6 cm away from the chamber 
Figure 5.7 shows that currents of about 0.2 mA, 0.35 mA, 0.47 mA and 0.6 mA were recorded at 
increasing power levels of about 50 W, 100 W, 150 W and 200 W respectively. Temperature 
measurements were continuously recorded as the power was varied from 0 W to 200 W. The rate 
of temperature rise can be determined by calculating the slope of the curve for each power level.  
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Figure 5.7 Faraday cup Current and RTD Temperature versus Time at 0 cm from the chamber 
Figure 5.8 shows a plot of rate of temperature rise at 50-W IEC input power with the Faraday 
cup placed 6 cm away from the chamber exit opening. This is the temperature rise at 50 W as 
shown in Figure 5.7. The plot also shows the corresponding IEC voltage. Due to inaccuracies in 
the mass flow controller readings, the IEC voltage was unstable which reflects in the Faraday 
cup current measurements. To ensure that this does not affect further calculations, only the 
portion of the temperature rise over which IEC voltage remained constant were taken for further 
calculations. A linear approximation of the temperature rise versus time gives the relation dT/dt 
= 4.137E-02. The slope dT/dt for different power levels has been calculated using this procedure. 
Using the calibration relation, output jet power, Pjet = 0.0261*dT/dt. The ratio of IEC input 
power to the output thermal jet power gives the thermal jet efficiency for the IEC thruster. It 
must be noted that this power takes into account only the heat transfer to the Faraday cup. It is a 
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fraction of the total energy in the jet and can be termed as the minimum jet energy. Further jet 
characterization using a gridded energy analyzer (GEA) is required to gain further insight into 
the energy profile of the jet, and the ion and electron densities.  
 
Figure 5.8 Rate of temperature rise, dT/dt for IEC input power of ~50 W (Faraday cup at 6 cm from the 
chamber opening) 
A comparative analysis of the jet characteristics at the two Faraday cup positions is shown in 
Figure 5.9. The rate of temperature rise and hence, the output thermal power is more than two 
times higher when the Faraday cup is placed at the exit opening compared to a position 6 cm 
away from the chamber exit opening. This difference is maintained almost consistently as the 
power levels are increased. The thermal jet efficiency is defined as the ratio of thermal jet power 
to the input IEC power. This efficiency is termed minimum due to the losses and approximations 
involved in this measurement. Since the cooling effect due to secondary electron emission is 
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neglected, the measure efficiency is the minimum thermal efficiency of the jet. The minimum 
thermal jet efficiency is around 4% when the Faraday cup is 6 cm away, but about 9% when the 
Faraday cup is placed closer to the chamber exit. The efficiency seems to be almost the same at 
various power levels as seen in Figure 5.10. The current measurements in Figure 5.10 shows that 
there is almost 50% decrease in the current recorded when the Faraday cup is placed 6 cm away 
in the direction of the jet. 
 
It can be inferred that the energy in the jet is lost significantly with distance due to collisions 
with background gas and charge exchange. Diagnostics placed at the vacuum chamber exit 
would give a better approximation of the jet characteristics than those placed in the subchamber. 
The Faraday cup placed at different positions shows that the thermal jet efficiency almost cuts 
down to half when moved 6 cm away. Since the force sensor and other diagnostics are mounted 
Figure 5.9 (Left) Rate of temperature rise vs IEC input power (Right) Minimum thermal jet power vs IEC 
input power 
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further away in the subchamber at about 30 cm away from the chamber exit opening, the results 
obtained may be extremely attenuated.  
 
 
5.3.2 Thermal Jet Power and Efficiency  
 
A comparative study of the current and thermal power measurements were performed with grids 
of different sizes and geometric transparencies (listed in Table 4.1). The photographs of some of 
the IEC grids used are shown in Figure 5.11. The current and temperature measurements of each 
of these grids are shown in Figures 5.12, 5.13, 5.14 and 5.15 respectively. 
 
Figure 5.10 (Left) Minimum thermal jet efficiency vs input IEC power and (Right) Current measurements vs 
input IEC power for different Faraday cup positions 
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Figure 5.12 Current and temperature measurements for 110 mm grid 
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Figure 5.11 Photographs of IEC cathode grids with (Left) diameter of 165 mm and 14 grid wires, and (Right) 
diameter of 140 mm and 7 grid wires 
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Figure 5.13 Current and temperature measurements - 125 mm grid 
 
Figure 5.14 Current and temperature measurements - 140 mm grid 
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Figure 5.15 Current and temperature measurements – 165 mm grid 
 
As illustrated previously, a section of the temperature rise at each power level is used to calculate the rate 
of temperature rise. Due to the inaccuracy of the mass flow controller, the IEC voltage was unstable and 
hence, the instability in the Faraday cup current output. The slope of temperature rise against current was 
calculated for values corresponding to a set of stable IEC voltage values in these figures. 
Further, using the thermal power calibration curve, the output thermal jet power and efficiency were 
determined. The power levels were varied from 0 W to 220 W. The thermal jet power and 
efficiency were calculated using the same procedure elucidated previously. The output thermal 
power and the thermal efficiency of the jet are shown in Figures 5.16 and 5.17 respectively. The 
output thermal power produced and the thermal efficiency of the 125-mm diameter grid was the 
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highest, followed by the 165-mm grid, 110-mm grid and the 140-mm grid respectively. The 125-
mm grid showed a thermal efficiency of about 9% which was the highest recorded. 
 
Figure 5.16 Output thermal jet power vs input IEC power 
 
Optimization of the jet mode output power and thermal efficiency by adjusting the pressure and 
hence the pd value may be suggested. But the overall increase in efficiency would be 
approximately close to these values due to the low range of pd values available for the tight jet 
mode. A more detailed study with respect to the radius of the grid would be necessary to identify 
the optimum radius to obtain higher thermal efficiency of the jet. The force sensor experiments 
were carried out with the 125-mm grid due to its high efficiency compared to the other grids.  
There is a slight-downward trend in the thermal efficiency with increase in power. This could be 
due to increased grid collisions with increase in power, increased excitation and loss in the form 
of light, and increased sputtering of the grid caused at high power. Sputtering is another form of 
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loss where a fraction of input energy is lost in sputtering atoms from the grid material which 
reduces the thermal power going into the cup.  
 
Figure 5.17 Thermal jet efficiency vs input IEC power 
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6. Thrust Measurements  
 
6.1 Construction and Mounting of the Plasma Force Sensor 
 
In order to measure the thrust produced by the plasma jet, a force sensor has been constructed. 
The results obtained from the force sensor are essential for the calculation of total thrust, and 
thrust-to-power ratio. The force sensor, also called plasma momentum flux sensor, described in 
this section is based on a previous design constructed by Chavers and used to measure the thrust 
of VASIMR [Chavers, 2002]. The design used here has been modified to suit this experiment. 
The size of the target plate has be resized to capture the entire plasma jet while also modifying 
the dimensions of the moment arm to suit the dimensions of the subchamber and achieve 
maximum sensitivity. Also, a grounding wire is connected to the back end of the target plate to 
prevent charging up of the plate. The sensitivity of the force sensor was calculated when it is 
hanging in a completely neutral position, the details of which are discussed in the following 
section. 
The plasma momentum flux sensor consists of a 11-cm alumina rod, a 12-cm diameter target 
plate and a titanium beam of 1-cm x 3.5-cm dimensions. One end of the alumina rod is 
connected to the target plate that is immersed in plasma, while the other end is mechanically 
connected to a titanium beam which acts as a stress concentrator, on which the piezoelectric 
strain sensors are mounted (as shown in Figure 6.1). These strain sensors can measure deflection 
caused by forces in the milli-Newton range. The alumina rod insulates the semiconductor strain 
gauges from the target plate and the plasma, both thermally and electrically. Besides isolating the 
strain gauges, the alumina rod also serves as a moment arm, thus increasing the strain with an 
increase in the rod length. There are four strain gauges on the titanium beam wired in a 
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Wheatstone bridge configuration with temperature compensators so that changes in temperature 
do not affect the linearity of the output. The isthmus between the two holes is about 0.7-mm 
wide. The sensor installation on the titanium stress concentrator was performed by Micron 
Instruments using model SS-090-060-1150P semiconductor strain gauges.  
 
Figure 6.1 Titanium beam with the strain gauges mounted at the stress concentrator 
 
As shown in Figures 6.1 and 6.2, the strain gauges are mounted between the two holes on the 
titanium beam (two on near side and two on far side of the isthmus) because the stress 
concentration is high in this region. This is due to the reduced area moment of inertia of the cross 
section caused by the two holes. The force from the plasma impacting the target is translated into 
strain (deflection) in the titanium beam through a moment arm equal to the length of the alumina 
rod plus the clamp length. This strain manifests as a change in voltage in the mV range. A 
Keithley sourcemeter supplies an input activation voltage of 5 V. A precision Keithley 
multimeter is used to record the data. The strain measurements can be correlated to force of the 
exiting plasma jet through calibration.  
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Figure 6.2 Design of the plasma momentum flux sensor 
 
 
Figure 6.3 (Left) Plasma jet propagating into the Diagnostic sub-chamber and (Right) Force sensor mounted 
inside the subchamber 
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The subchamber at the end of the plasma jet houses the plasma force sensor. The Figure 6.3 
shows the plasma jet propagating into the diagnostic sub-chamber and the mounting of the force 
sensor in neutral position inside the subchamber. The IEC grid and the force sensor are aligned 
so that the plasma jet impinges entirely on the target plate. The force sensor is mounted 
cautiously so as to make sure that it is hanging in a neutral position. 
6.2 Calibration of the Force Sensor 
 
To calibrate the plasma force sensor, a novel method was used instead of the conventional 
method that employs lightweight string and masses. This method consists of two steps – the first 
step is to obtain the displacement-voltage relation by experimentally measuring the change in 
output voltage for different axial displacements using a micro screw gauge calibration set up and 
the second step is to obtain the displacement-force relation by simulating the process using 
COMSOL Multiphysics 4.3 and obtaining corresponding force values for the axial 
displacements. The calibration curve is plotted using the voltage and force values thus obtained. 
The experimental setup consists of a micro screw gauge that is used to apply an axial force on 
the target plate as shown in Figure 6.4. The displacement is recorded using the micro screw 
gauge. The force sensor is clamped to a test setup and the micro screw gauge is used to apply an 
axial displacement at the center of the target plate. The axial displacement applied on the target 
plate during calibration ranged from 2 to 40 thousands of an inch. The corresponding change in 
output voltage recorded by the strain gauges was used to determine the force-voltage relation.  
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Figure 6.4 Micro-screw gauge calibration set-up 
 
The next step is to determine the force-displacement relation for a cantilever beam with end load. 
This is derived from Castigliano’s Theorem [Boresi, 2003] that states:  
“If the strain energy of a linearly elastic structure can be expressed as a function of generalized 
force P, then the partial derivative of the strain energy with respect to the generalized force gives 
generalized displacement  in the direction of P.”   
  
  
  
  
(6.1) 
  
 
  
 
     
   
   
 
 
  
(6.2) 
where   is the axial displacement, P is the axial load, I is the second moment of area of cross 
section, L is the length of the beam, U is the strain energy, and E is the Young’s modulus. 
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(6.3) 
  
The axial displacement at the center of the target plate was 1.035 mm for an applied force of 100 
mN at the target plate.  
 
Figure 6.5 Stress and strain measured at the titanium beam concentrator 
 
As an additional study the stress and strain were also determined. The stress and strain were seen 
to be concentrated near the two holes on the titanium beam as expected. The close-up image of 
the titanium beam is shown in Figure 6.5. A maximum stress of 1.0 x 10
8
 N/m
2
 and strain of 334 
microstrains were recorded at the stress concentrator. This is within the operating limit of 2000 
microstrains for the strain gauges.  
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Figure 6.6 Calibration Curve 
 
The same set of simulations was carried with just the weight of the force sensor acting on it at a 
neutral hanging position when the top surface was fixed. No external axial force was applied on 
the system. This resulted in a strain of 54.7 microstrains, a stress of 1.7 x 10
7
 N/m
2
, and axial 
displacement of 0.17 mm. This initial strain has been accounted for in all further calculations. 
So, at 100 mN, the total strain acting on the force sensor solely due to the axial force is 279.3 
microstrains. Hence the sensitivity of the device to force is a deflection of 2.8 microstrains/mN. 
The force measurements obtained from the simulations, the output voltages obtained from the 
calibration experiment, and their corresponding axial displacements were tabulated. These results 
were used to plot the calibration curve shown in Figure 6.6. The force to output-voltage relation 
obtained was 18.95±0.1 mN/mV (or 0.05 mV/mN).  
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6.3 Modifications to the Force Sensor Design 
 
 
Figure 6.7 COMSOL simulation results showing stress and strain at the titanium beam concentrator 
 
Thrust measurements were performed using the aforesaid design of the force sensor with varying 
power levels and pressure regime. However, no thrust was recorded. Hence the designed was 
modified to increase the sensitivity of the sensor. The moment arm length was increased to 26 
cm and the same calibration process was repeated for the modified design. The re-calibration 
simulation and experiment results have been recorded in Figures 6.7. The displacement-voltage 
relation and the displacement-force relation are recorded in Figures 6.8 and 6.9. A force of 100 
mN was applied at the target plate. A stress of 2.06 x 10
8
 N/m
2
 and strain of 692.3 microstrain 
was recorded at the stress concentrator. The simulation result is shown in Figure 6.7.  
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Figure 6.8 Displacement-force relation obtained from the COMSOL simulation 
 
 
Figure 6.9 Displacement-voltage relation obtained from the micro-screw gauge set-up 
 
The displacement-force relation is obtained from the COMSOL simulation and the displacement-
voltage relation is obtained from the micro-screw gauge set-up. These results are shown in 
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Figures 6.8 and 6.9. The final calibration curve for this design is shown in Figure 6.10. The force 
to output-voltage relation obtained was 2.879±0.1 mV/mN (or 0.347 mN/mV).  
 
 
Figure 6.10 Calibration curve for the modified force sensor design 
 
6.4 Results 
 
The force sensor was mounted in the diagnostic subchamber about 30 cm away from the IEC 
chamber exit. The thrust measurements versus time have been recorded and presented in Figure 
6.11. There is a lag in the response of the force sensor to an increase in the input IEC power. The 
increase in thrust is not instantaneous, and takes some time to reach a maximum stable value. A 
higher noise level of ±0.02 mN is also observed.  
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Figure 6.11 Thrust measurements at different IEC voltage and power levels 
 
Thrust measurements were obtained at power levels of 50 W, 100 W, 150 W and 200 W. The 
Figure 6.11 shows increasing voltage and the corresponding increase in thrust. Since the force 
sensor is placed 30 cm away from the chamber exit, this thrust is extremely attenuated. As 
observed in the Faraday cup experiment, the current dropped by almost half at a distance of 6 
cm. So, the attenuation at 30 cm is expected to be quite high. Higher thrust levels are expected if 
the measurement is performed at the chamber exit.  
It was initially hypothesized that the high noise level in the force sensor readings could be due to 
the vibration of the vacuum pumps. In order to learn more about the noise level in the force 
sensor, oscilloscope readings were taken with the pumps on and then, with the pumps off. The 
noise level remained the same and is as shown in Figure 6.12. The figure shows force sensor 
noise peaks with a peak-to-peak frequency of 54 kHz.  
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Figure 6.13 Oscilloscope readings after chamber was bumped 
 
Further, the chamber was bumped and the response of the force sensor was recorded. The 
resonant frequency was recorded to be 4.5 Hz as shown in Figure 6.13. This shows that the noise 
has a frequency (54 kHz) that is much higher than the resonant frequency of the system. 
Figure 6.12 Oscilloscope readings with vacuum pumps on 
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Additionally, since the mechanical resonant frequency is extremely low compared to the noise, 
the mechanical vibration of the pumps would have very little effect on the overall noise level. 
Hence, the high noise level is not due to the vibration of the pumps but a function of the  
The plot in Figure 6.14 shows the variation of maximum thrust recorded (from Figure 6.11) with 
different power levels. A linear approximation gives the thrust-to-power ratio of the system 
which is obtained as 17 mN/kW (or 0.06 W/N). This gives an idea about the scaling of thrust 
with input IEC power which is critical in designing an electric propulsion system. Further, with 
the coupling of the helicon plasma source to the IEC, this ratio is expected to increase 
significantly.  
 
Figure 6.14 Thrust measurements from Figure 6.11 plotted against different IEC input power levels 
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7. Experiments with the Helicon-Injected IEC system 
 
Initial experiments with the Helicon-injected IEC system were performed. The helicon plasma 
was produced at an input RF power of 300 W with a magnetic field of 1000 Gauss at 33 amperes 
power to the magnets. The Faraday cup temperature measurements showed no increase in 
temperature, while the force sensor measurements showed no thrust when the IEC was run along 
with the helicon plasma source. This prompted a test with just the magnets to check for bending 
of the beam. The photograph in Figure 7.1 shows bending of the plasma jet due to the magnetic 
field as against the plasma jet direction into the sub-chamber before the magnets are tuned on. 
Due to this bending, the beam no longer enters the diagnostics explaining the zero readings. This 
effect is further discussed in the following section. 
  
Figure 7.1 (Left) Plasma jet propagation into the sub-chamber before the application of magnetic field and 
(Right) Plasma jet bending on applying magnetic field 
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7.1 Magnetic field beam steering test 
 
For this experiment, the 110-mm diameter IEC grid was used. The IEC was first turned on to 
initiate the discharge and the power level was increased to about 200 W. A maximum current of 
0.55 mA was recorded at this power level as shown in Figure 7.2.  
 
 
Figure 7.2 Magnetic field plasma jet steering test performed with the 110-mm cathode grid 
At this point, the electromagnets were turned on (with the RF power supply still off) and the 
magnetic field was increased in steps of 1A input current. Up to 33 A (1000 Gauss magnetic 
field) was applied with the IEC power levels ranging between 200 W and 240 W. As seen in 
figure 7.2, the current decreases in steps with increasing magnetic field finally dropping to zero, 
thus confirming bending of the beam. This issue could be solved by either changing the 
orientation of the electromagnets to minimize the effect of magnetic field in the IEC, or by using 
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metal shielding to prevent beam bending in the IEC. Another solution would be to use permanent 
magnets which would be easy to shield thereby avoiding any magnetic field effect on the plasma 
jet. 
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8. Conclusion and Recommendations for Future Work 
 
In this section, the accomplishments of this present work will be summarized. The experiments 
that were carried out to gain greater insight into the physics of the IEC jet mode and the 
operation of the IEC thruster have been for the most part successful. The results and findings will 
be further explained in the sections to follow. Many of the problems and issues encountered 
during the course of these experiments were successfully solved and few are yet to be explored 
for solutions. The section on recommendations for future work outlines these unsolved problems 
and proposes possible solutions in order to optimize the IEC thruster and also accomplish 
successful working of the Helicon-injected IEC thruster.  
8.1 Summary 
 
The goals of this thesis as mentioned in the first chapter were to develop and test an IEC thruster, 
and provide proof-of-concept of the IEC thruster laboratory experiment. Furthermore, the 
objective was to research the discharge characteristics and other key parameters required to 
characterize the plasma jet from an IEC. Diagnostics such as the Faraday cup and force sensor 
were designed, calibrated, installed in the IEC sub-chamber, and tested.  Thermal jet power, 
minimum jet efficiency, thrust output of the system and thrust efficiencies were calculated and 
plotted. Further, helicon-injection into the IEC thruster was attempted but was unsuccessful due 
to unexpected interference from the magnetic field. The effect of magnetic field on the plasma jet 
was studied and suitable solutions have been proposed. Overall, the goals laid out in the 
beginning of the thesis have been accomplished. 
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8.2 Conclusion 
 
In conclusion, the proof-of-concept of the IEC thruster has been accomplished. The thruster 
parameters such as thermal jet power, minimum jet efficiency, thrust output and thruster 
efficiency have been determined. The design of the IEC grid was studied, and grids of various 
sizes and geometric transparencies were tested. The discharge characteristics of the IEC in jet 
mode were also studied and a size scaling law for jet mode was derived. An optimum position 
for the installation of the Faraday cup has been established. The Faraday cup was modeled in 
COMSOL Multiphysics and thermal power was calibrated. Faraday cup current and temperature 
measurements for various grids were obtained, and the thermal jet power and efficiency were 
determined from these results. A precision force sensor was designed, calibrated and tested. The 
thrust-to-power ratio of the IEC thruster was found to be about 17 mN/kW. This output is 
expected to increase further with the use of helicon plasma source for plasma production. As an 
additional study, this option of helicon injection into the IEC thruster was tested. The results 
have shown bending of the plasma jet in the presence of magnetic field.  
8.2.1 Discharge Characteristics and Size Scaling  
 
Paschen’s curve was plotted for grids of different sizes and transparencies. It was found that the 
breakdown voltage is mainly a function of the operating pressure and the distance between the 
cathode grid and chamber wall. The geometric transparencies did not seem to affect the 
breakdown voltage.  
A size scaling law was derived and it was noticed the grids with 7-wires (about 98% geometric 
transparency) obeyed this law almost perfectly. However, the grid with the largest diameter and 
14-wires (least geometric transparency of about 95.5 %) seemed to deviate slightly from the 
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scaling law. Further experiments with the geometric transparencies are required to determine its 
effect on the discharge characteristics.  
8.2.2 Faraday Cup Measurements 
 
The Faraday cup with an RTD sensor was used to record current and temperature measurements. 
The temperature measurements were used to determine the thermal power and efficiency of the 
jet. A calibration curve correlating thermal jet power and input IEC power was obtained through 
COMSOL Multiphysics simulation.  
The position of the Faraday cup was varied and comparison of current, thermal power and 
thermal efficiency was done. It was found that current almost reduced by half when the Faraday 
cup was moved 6 cm away axially along the direction of the jet. This shows that scattering and 
collisional losses increase enormously with increase in distance from the jet. Then, a study of the 
thermal power and efficiency of the jet was performed on different grids. The grid with the 
maximum thermal efficiency was found to be the one with a diameter of 125 mm and a 
geometric transparency of about 98.3 %. This grid was used for the thrust measurements.   
At higher power levels, there was a slight decrease in the thermal jet efficiency. This loss could 
be because of increased collisions with the grid, increased excitation and production of light, and 
increased sputtering of the grid. A study of sputter yield at increased power levels would give an 
estimate of the energy loss to this process. 
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8.2.3 Force Sensor Measurements 
 
A precision force sensor was designed, calibrated and tested. The grid with the highest thermal 
jet efficiency was used for the force sensor experiments. The thrust measurements at different 
power levels were recorded. A noise level of ± 0.02 mN was recorded. A thrust-to-power ratio of 
17 mN/kW was estimated. More accurate measurements can be performed by eliminating the 
high noise level. 
The force sensor was placed at a distance of 30 cm from the chamber exit. As the Faraday cup 
experiment showed, the current almost dropped by half at a distance of 6 cm from the chamber 
exit. Hence, the force measurements obtained at this location is expected to be attenuated. A 
more accurate measurement can be obtained by mounting the force sensor closer to the chamber 
exit. A modified design of the sub-chamber would be required to achieve this. 
8.2.4 Helicon Plasma Injection  
 
In order to decouple the chamber pressure and the voltage, and obtain a variable specific impulse 
system, helicon plasma injection was used. A helicon plasma source operating at 300 W with a 
magnetic field of about 1000 Gauss and 33 amperes was used to produce plasma and this plasma 
drifted into the IEC chamber by ambipolar diffusion. Faraday cup measurements indicated no 
rise in temperature. Hence, the IEC device was run with increasing magnetic field strength 
(without helicon plasma). It was noticed that the magnetic field caused beam bending causing it 
to deviate from the direction of the sub-chamber. This resulted in no temperature rise at the 
Faraday cup. Solutions have been proposed to correct this bending effect in the next section. 
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8.3 Recommendations for Future Work 
 
The study of the position of the Faraday cup has shown that there is almost 50% loss when the 
Faraday cup is axially moved 6 cm away from the jet. This suggests that the force sensor 
measurements that were taken more than 30 cm away show scaled down thrust measurements. 
Hence, to obtain the actual thrust measurements of this system, the subchamber has to be 
redesigned to accommodate the force sensor closer to the chamber exit opening.  
Further study to understand the reason for the high noise level in the force readings is necessary. 
More accurate thrust measurements can be obtained if the noise level is attenuated and the time 
lag is eliminated. 
The geometric transparencies of the IEC grids did not show much effect on the output of the 
system. However, a detailed study is necessary to understand the variation of the key parameters 
of the system with the geometric transparency of the grid and the grid diameter.  
More accurate jet power measurements can be obtained from the energy profile measurements 
obtained using a gridded energy analyzer (GEA). Hence, the design and installation of the GEA 
is highly recommended.  
The helicon injection into the IEC has to be further explored to find a suitable configuration such 
that the beam bending due to magnetic field does not occur. One option would be to use 
permanent magnets instead of electromagnets and provide metal shielding to prevent magnetic 
field interference with the plasma jet. Another option would be to change the orientation of the 
electromagnets or the sub-chamber to minimize the effect of the magnetic field. 
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Appendix A: Faraday Cup COMSOL Results 
 
The COMSOL simulation results used for the thermal power calibration in Chapter 5 are 
recorded as below. The figures represent the Faraday cup surface plots of the temperature profile 
and line graphs of rate of temperature rise for input powers of 20 W, 30 W 40 W and 50 W 
respectively. These results were obtained by simulating the heat transfer in the Faraday cup using 
COMSOL Multiphysics. 
 
Figure A.1 Surface plot of temperature profile at input heat flux of 20 W 
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Figure A.2 Rate of temperature rise at input heat flux of 20 W 
 
 
Figure A.3 Surface plot of temperature profile at input heat flux of 30 W 
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Figure A.4 Rate of temperature rise at input heat flux of 30 W 
 
 
Figure A.5 Surface plot of temperature profile at input heat flux of 40 W 
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Figure A.6 Rate of temperature rise at input heat flux of 40 W 
 
 
Figure A.7 Surface plot of temperature profile at input heat flux of 50 W 
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Figure A.8 Rate of temperature rise at input heat flux of 50 W 
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Appendix B: Pictures of the Experimental Setup and 
Operation 
 
The photographs of the experimental setup, equipment and plasma jet during operation are 
recorded below. 
 
Figure B.1 Helicon plasma source, IEC and diagnostic sub-chamber 
 
Figure B.2 IEC chamber showing vacuum pumps, diagnostic sub-chamber and HV feedthrough 
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Figure B.3 Helicon plasma source, mass flow controller and pirani gauge 
 
Figure B.4 IEC chamber opened for changing the cathode grid 
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Figure B.5 Alignment of the cathode grid with the sub-chamber  
 
Figure B.6 IEC HV power Supply 
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Figure B.7 Power supply to the electromagnets (top) and RF power supply to the helicon (bottom 
 
 
Figure B.8 Keithley Sourcemeter and Keithley multimeter connected to the force sensor 
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Figure B.9 Force sensor calibration setup (Micro-screw gauge experiment)  
 
Figure B.10 IEC plasma tight jet mode 
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Figure B.11 IEC spray jet mode 
 
Figure B.12 Plasma jet propagating into the diagnostic sub-chamber  
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